Adsorption behaviors of alkylamine compounds in UPW (ultra pure water) on hydrogen-terminated Si(100) were elucidated mainly by ToF-SIMS. Si wafers cleaned by heat treatment in 500
I. INTRODUCTION
It has been widely recognized that organic molecules adsorbed on hydrogen-terminated silicon surface form Si-C bond after thermal desorption of surface hydrogen atom and degrade the electrical property of Si device [1, 2] . In general, it has been thought that the source of organic contamination is airborne molecular organic materials, and the understanding of influence of the variety of additives in plastic materials such as carrier box and building materials of clean room has been extensively studied mainly using the combined technique of gas chromatography-mass spectrometry (GC-MS) and wafer thermal desorption (WTD) [3] [4] [5] . Another source of organic contamination is ultra pure water (UPW) widely used in wet cleaning processes. Organic impurities on wafer surface after rinsing in UPW at a final stage of wet cleaning have not been fully investigated because the surface after rinsing has been considered as a starting surface to airborne contamination and no analytical techniques have been developed for the investigation [6] [7] [8] [9] [10] . The maintenance of surface cleanness and defect control of hydrogen-terminated surface in wet cleaning processes are needless to say important and the understanding of the adsorption property and the influence of organic impurities in UPW have been required.
We have established a new technique of ToF-SIMS analysis of trace organic adsorbent on the native oxide surface soaking in UPW after high temperature heat cleaning and have investigated peculiar adsorption behaviors of alkylamine compounds supposed as organic impurity in UPW in the previous report [9] . It has been found that the adsorption behaviors are definitely dependent on the numbers of carbon atoms and the water rinse process could result in the wafer surface being more contaminated from the organic point of view. Takahagi, et al. indicated that surface organic contamination acted as an etching mask and led to irregular morphology on the wafer surface in the investigation of atomic-scale smooth hydrogenterminated surface using ammonium fluoride aqueous solution [11, 12] . Sugita, et al. studied the initial oxidation on hydrogen-terminated surface using in-situ infrared attenuated total reflection spectroscopy (ATR) and found that the back bond and Si-H bond were oxidized by the reaction of impurity as oxidant in water [13] .
In this work, we adopted the ToF-SIMS method combined with wafer soaking treatment to the investigation of adsorption property of alkylamine compounds on hydrogen-terminated Si(100). ToF-SIMS has the specific features that can estimate the relative quantity of trace amine adsorbed on wafer surface and can also estimate the chemical change of the substrate surface such as oxidation of hydrogen-terminated surface at the same time, especially is considered as a very powerful tool to study influence of trace organic impurities in water to hydrogenterminated surface due to the ability of detection of SiH based fragment. In addition, it is inferred that the adsorption behavior of the same amine compounds is different between on hydrophilic oxidized surface and on hydrophobic hydrogen-terminated surface.
It was found that alkylamine compounds in UPW caused the increase of oxidation rate of hydrogenterminated Si(100) and hydrophobic alkylamine compounds may be left on the surface in high concentration in wet cleaning process in the very short time. Both results could degrade the device performance because the former result may cause the irregular oxidation thickness and the latter may cause point defect due to formation of Si-C bond. We concluded that the highly hydropho- bic amine should be eliminated from water used in wet cleaning process.
II. EXPERIMENTAL
Two types of amine compounds were used as model compounds for water-soluble amines: the primary amines C n H 2n+1 NH 2 (n:3-7) and the tertiary amines (C n H 2n+1 ) 3 N (n:1-4). The solubility of these compounds in water is lower than 0.1 g/100 mL. The UPW solutions of the respective amines were prepared in concentration of 100 ppb, 1 ppm and 10 ppm.
Silicon wafers (Si(100), 50 μm thick) kept in the plastic cassette were used as the adsorption surface and the wafer was heated at high temperature of 500
• C in the He atmosphere in order to remove organic contamination [9] . the same atmosphere, the wafer was cut into 10 mm×10 mm small pieces in the clean bench. After 5 min soak in dilute HF solution (HF(38%):H 2 0=1:100) and 1min rinse by UPW, respective wafer pieces were put into 30 cc glass vials, and capped with plastic cap sealed with aluminum foil. The prepared UPW (resistivity> 18 MΩcm) solution of each amine compounds was poured into the vial with a wafer piece. After pouring, the wafer piece was carefully placed with mirror surface up. After the fixed soak time, the wafer piece was put out of vial and water solution on the wafer piece was removed using N 2 gas, and the wafer piece was mounted in the sample case for ToF-SIMS measurements. These procedures were carried out in clean room of class 1000. ToF-SIMS measurements were performed using PHI TRIFT II apparatus. Primary beam of Ga + ions with 15 keV acceleration was used. The square area with the side of 50 μm was irradiated by pulses of Ga + ions. The secondary ions from the same 50 μm square region were detected during the first 5 min. At least two measurements were made in the same sample and measurement errors were less than 5% among these measurements. We performed x-ray photoelectron spectroscopy (XPS) measurement of Si2p region for the parts of samples above-mentioned in the area of 200 μm square by monochromatized Al-Kα source (1486.6 eV) using PHI QUANTUM 2000 apparatus.
III. RESULTS AND DISCUSSION
A. Adsorption property of amine compounds on hydrogen-terminated Si(100) in water Figure 1 shows the dependence of respective molecular peak intensities on the time of wafer soaking in water solution of respective primary and tertiary amine compounds. Mass numbers derived from measured molecular peaks are 60.12 (C 3 H 7 -NH In the cases of propylamine (C 3 H 7 NH 2 ), trimethylamine ((CH 3 ) 3 N) and triethylamine ((C 2 H 5 ) 3 N), the increase of peak intensity at the initial 5 hours are observed and may be approximated as Langmuir adsorption. However, including relatively long soaking time of these three compounds, the peak intensity of the other amine compounds decrease even after the very beginning soaking time, especially, in the cases of amines with the large numbers of carbon atoms such as penthylamine (C 5 H 11 NH 2 ), hexylamine (C 6 H 13 NH 2 ) tripropylamine ((C 3 H 7 ) 3 N) and tributylamine ((C 4 H 9 ) 3 N). It can be also seen that there are no clear dependence between amine concentration and peak intensity within the respective compounds, and we can notice that there are the cases that the peak intensity of the alkylamine with lower concentration is rather higher than with higher concentration, for example for hexylamine and tributylamine. These complicated adsorption behaviors are thought to be mainly due to the change that the hydrogen-terminated surface is oxidized in water and become hydrophilic.
In order to compare these adsorption behaviors with the ones of the same compounds on native oxide surface that is hydrophilic, we show the dependence of molecular peak intensity on the time of wafer soaking on both the hydrophilic (a) and hydrophobic (b) surfaces in the same concentration of 1 ppm in Fig. 2 .
It should be noticed that initial changes of molecular peak intensities on the time of wafer soaking are very different between hydrophilic and hydrophobic surface. While adsorbed quantities on hydrophobic surface decreased except for tripropylamine, those on hydrophilic surface increased as the increase of the soaking time. The adsorption behaviors on the hydrophilic surface have been investigated in the previous paper [9] and we indicated that there seems to be a good relationship between the octanol-water partition coefficients and peak intensity ratios of 24 h soaked to 2 h soaked. It was considered that the amines with large octanol-water partition coefficient are likely to be adsorbed physically on wafer surface at short soaking time because being not stable in water and replaced with the amines which have small octanol-water partition coefficients and high adsorption energy on hydrophilic wafer surface in long soaking time.
We considered that in the case of hydrophobic surface, amine compounds with a long CH 2 chain also tend to be adsorbed initially because they are more stable than in water and when wafer surface becomes hydrophilic, they tend to desorb from the surface. Also in the tertiary amines, we have observed the same trend as in the primary amines, though the decrease of peak intensity has been seen at relatively large molecules such as tripropylamine and tributylamine in the long soaking time.
The above result that large molecular amines with more hydrophobic nature tends to be adsorbed with high concentration (even though we cannot define absolute value at present) on the hydrophobic surface in the short time suggests that it is important to eliminate these hydrophobic amines from UPW used in actual wet cleaning process for Si device manufacturing.
B. Oxidation rate of hydrogen-terminated Si(100) in water solution of alkylamines
It was found that hydrophobic amines once adsorbed on hydrogen-terminated surface desorb as the surface becomes hydrophilic in other words, oxidized. We may infer that the oxidation process of hydrogen-terminated surface may be represented as the change of SiH-based peak intensity due to ToF-SIMS. Figure 3 shows the relationship of SiH/Si peak intensity ratios detected by ToF-SIMS with oxide film thickness induced from Si2p XPS peak intensity. The samples used were oxidized under different environment as shown in Fig. 3 . It is found that SiH/Si ratio due to ToF-SIMS has a good correlation with oxide thickness above approximately 0.2 as the value of SiH/Si ratio. We suppose that the depth investigated by ToF-SIMS is about 1 nm and SiH/Si ratio can be used as an indication of oxidation below 1 nm of oxide thickness. In other words, SiH/Si ratio saturates and cannot be used as an indication at an oxide deeper than so-called native oxide (about 1 nm depth). SiH fragment is not only due to SiH at the hydrogen-terminated surface bonding. Siloxane molecules adsorbed on silicon surface, for example, give the same fragment. We need to eliminate the other surface contamination as possible as we can, in order to realize detailed investigation of surface oxidation by ToF-SIMS. At least two times of experiments were performed under the conditions with this requirement satisfied. Figure 4 shows amine concentration dependence of the 29 SiH/ 28 Si ratio on hydrogen-terminated silicon surface after 0.5 hrs soaking in water solution of primary (left) and tertiary (right) amine by ToF-SIMS. Figure 5 shows the actual ToF-SIMS spectra including the region of the Si and SiH peaks for the same sample used in Fig. 4 .
Right after HF etching, the SiH/Si ratio is approximately 0.90 (data not shown), and after 0.5 hrs soaking in UPW (which corresponds to 0 ppm in x-axis both in Fig.  4) , only a slight decrease of this ratio is observed. When amine of 100 ppb concentration was added to UPW, the ratio decreased dramatically to about between 0.6 and 0.7 for primary amines and to about between 0.5-0.7 for tertiary amines. As the concentration of amine compounds increase, SiH/Si ratio decreases to less value. We can infer that oxidation rate of hydrogen-terminated Si(100) surface increases due to addition of amine compounds in UPW. In addition, it is clearly observable from Fig. 4 that the degree of the increase of oxidation rate is dependent on species of amine compounds, i.e., amine molecules with more numbers of alkyl groups and longer alkyl chain have the larger effect to the increase of oxidation rate, even though not perfectly said, for example as the case in between trimethylamine and tripropylamine at 10 ppm addition.
As mentioned at the previous section, this type of amine compounds (which is thought to be more hydrophobic from a simple assumption that the non-polar group such as alkyl group brings about hydrophobic nature for a molecule) tends to be adsorbed in high concentration initially, and desorb from surface as the oxidation of the surface proceeds. Therefore, we can suppose that initial adsorption of these amines causes high speed oxidation of hydrogen-terminated surface and as a result of that, hydrophobic amine desorb dramatically from hydrophilic surface which was hydrophobic before the amine molecules were adsorbed. It is suggested from these results that alkylamine molecules behave like catalyst for oxidation reaction of hydrogen-terminated silicon surface and cause the inhomogeneous oxide thickness and imperfect passivation to water and oxygen.
There may be two possible assumptions explaining how alkylamine compounds increase the rate of oxidation of hydrogen-terminated surface [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The first one is that the concentration of OH − ion increases near silicon surface by the effect of basic alkylamine and Si-H groups are replaced by Si-OH groups due to nucleophilic attack of OH − ions on Si-H bond [17] . The second is that lone pair of nitrogen atom of alkylamine compounds works as acceptor of hydrogen in Si-H due to nucleophilic effect (what we call, I-effect) , the dangling bond of Si is formed at one bond among two Si-H bonds of surface dihydride, and these unstable states of surface silicon hydride cause additional reaction between surface sites (Si − , and Si-Si backbonds) and attacker molecules (H 2 O, OH − , or dissolved oxygen) due to the polarization of surface sites [22] .
A basicity constant (pK b ) as a measure of basicity is known for some alkylamine compounds used in this work: 0.6 for trimethylamine, 4.1 for propylamine, 4.5 for tripropylamine, 4.8 for butylaminen, and 5.6 for triethylamine, in the order from small pK b . When it was supposed that the strong base cause large effect on the increase of oxidation rate of the passivated surface, we cannot explain that trimethylamine which is the particularly weakest base among amines above, has the larger effect than propylamine and butylamine have. It is wellknown that small pK b of tertiary amines is due that these molecules need more water molecules than primary amines does in solvation by water molecules in the proton dissociation [26] . The pK b is of course deeply related to I-effect of alkyl group in amine molecules. Therefore, we can explain the increase of oxidation rate by both two assumptions above. In any case, hydrophobic alkylamine could approach to the hydrogen-terminated surface, and cause the promotive effect on the oxidation of the surface mainly due to I-effect.
IV. CONCLUSIONS
We investigated the adsorption behavior of alkylamine compounds in UPW on hydrogen-terminated Si(100) by ToF-SIMS. It was found that alkylamine compounds in UPW caused the increase of oxidation rate of hydrogenterminated Si(100) and hydrophobic alkylamine compounds may be left on the surface in high concentration in wet cleaning process in the very short time. The former phenomenon can be explained mainly by the I-effect of alkylamine. Both results could degrade the device performance because the former result may cause the irregular oxidation thickness and the latter may cause point defect due to formation of Si-C bond. It is concluded that it is important to eliminate these hydrophobic amines from UPW used in the wet cleaning process for Si device manufacturing.
